To investigate to what extent serum leptin concentrations in obese humans are in¯uenced by a history of weight cycling. DESIGN: Cross-sectional study on serum leptin concentrations and body composition in a cohort of obese subjects in whom a retrospective recall of weight and diet history was made. SUBJECTS: One hundred and twenty-eight obese patients (89 females and 39 males), aged 18 ± 61 y, body mass index (BMI) 31.2 ± 63.4 kgam 2 . MEASUREMENTS: Serum leptin; various fatness and fat distribution parameters (by anthropometry and bioelectrical impedance analysis); history of overweight at puberty; number, magnitude and timing of previous diet episodes and of consequent weight regain by interview. RESULTS: By univariate analysis, serum leptin concentrations were signi®cantly correlated with weight, waist ± hip ratio, percentage body fat, maximal percentage weight loss in a single diet episode, cumulative percentage weight loss in all diet episodes, cumulative weight regained in all diet episodes, but not with the number of diet episodes. All correlations related to anthropometric and body composition parameters were stronger for men, compared to women, although the male subgroup was smaller. On the contrary, there was a strong positive correlation between weight cycling parameters and serum leptin in women but not in men. Leptin concentrations were signi®cantly higher in patients who were overweight at puberty than in those who were not overweight at puberty. After correction for percentage body fat, presence of overweight at puberty did not correlate any longer with leptin concentrations in either gender. In women, cumulative percentage weight loss in all diet episodes contributed an additional 5% to the variance of serum leptin in the overall model. CONCLUSION: The positive correlation between weight cycling and leptin concentration in obesity is mainly accounted for the higher percentage body fat in obese weight cyclers, although in women weight cycling per se independently contributes to the variance of serum leptin.
Introduction
Body weight in individual adults is remarkably stable for long periods of time, 1, 2 suggesting the existence of ®ne regulatory systems of weight homeostasis. It is nevertheless common in clinical practice to observe obese subjects with a history of several andaor wide weight¯uctuations. Weight cycling, or`yo-yo' dieting, is a consequence of the continuous battle that obese people engage in against their excessive fatness. It consists of repeated attempts at weight loss, followed by return to the pre-diet weight or even to a higher one. A`set point theory' 3, 4 has been advocated in order to offer a physiological explanation to weight regain following dieting. According to this theory, each individual, either normal weight or obese, has his own body weight set point. Any change in body weight, either weight loss or gain, will be opposed by adjusting energy intake or expenditure in order to attempt to return to the original weight. This is a very powerful physiological mechanism which indeed represents the main barrier to successful treatment of obesity. In obese subjects, the maintenance of a reduction of 10% decrease in body weight requires a reduction of 15% or more of the energy intake predicted for the same body composition at stable weight. 5 Moreover, a compensatory increase in hunger and therefore in food intake is frequently observed after loss of even modest amounts of body weight. 6 The mechanism by which this set point is regulated is only partially identi®ed; it has been hypothesized that long-term adiposity-related peripheral afferent signals in¯uence the neuronal activity of central effector pathways determining a feedback response related to the regulation of energy balance. 7 The discovery of leptin, the product of the adipocytespeci®c ob gene, 8 has given new insights to the set point theory. This hormone, which is mostly secreted by adipose tissue in the bloodstream and which interacts with receptors in the CNS regulates body weight by in¯uencing energy intake 9 and energy expenditure. 10 Plasma concentrations of leptin are well correlated with body fat content in human subjects and decrease with weight loss in both obese and in normal-weight subjects. Leptin appears to exert a dual role according to different physiological conditions. Under conditions of normal food intake and stable weight, leptin acts as a static indicator of body fat stores to an hypothetical lipostat' at the level of the hypothalamus which regulates body composition. 11, 12 Under conditions of reduced or increased food intake, ie imbalance between energy expenditure and energy intake, an override of the above mechanism occurs, with increase or decrease of plasma leptin concentrations exceeding those predictable on the basis of changes in fat mass. 13 Therefore, leptin has been proposed as the main actor, although probably not the only one, in the body weight set point mechanism.
14 When leptin concentration, most likely in the CSF, falls below an individualized threshold, this might trigger a compensatory response on energy expenditure and energy intake aimed at restoring weight homeostasis. 15 Unfortunately, most studies on this topic have been carried out on animal models of obesity and, to-date, relatively few experimental data are available 16 ± 18 to support such a paramount role for leptin in the regulation of body weight in humans. In the study from Rosenbaum et al 13 no relation was found between changes in plasma leptin and changes in energy expenditure during weight plateau in humans during active weight gain or loss. No data are available on the extent to which serum leptin concentrations are affected by a history of conspicuous body weight¯uctua-tions (as this is often the case in obesity) and how this relates to body fat.
The aim of the present study was to assess the relationship between weight cycling and serum leptin concentrations in a population of obese subjects of both sexes. Table 1 ). They were part of a larger sample of 156 patients (111 females and 45 males) who were questioned about their weight history (see Methods section). All patients had been admitted to the Division of Endocrinology and Metabolic Diseases of San Giuseppe Hospital, Verbania, Italy for clinical assessment and treatment for obesity and obesity-related conditions. They all had stable weight during the month prior to the study.
Patients and methods

Patients
On the day following admission, after an overnight fast, blood was sampled from an antecubital vein for serum leptin determination; this was followed by anthropometric measurements (weight, height, waist circumference, hip circumference) and body composition assessment by bioelectrical impedance analysis. A detailed weight and dieting history was collected by interview according to the technique described by Wadden et al 19 by the same operator (CS) who was unaware of the results of serum leptin or body composition data.
Patients with renal, cardiac or hepatic diseases known to be associated with water retention in the extracellular com- Weight cycling and leptin ZL Benini et al partment were excluded from the study. Also, patients with uid overload according to vectorial analysis 20 were also excluded from the study.
The study protocol was approved by the Hospital Ethics Committee. All patients gave written consent to take part in the study and to allow individual data processing for research purposes.
Methods
Serum leptin concentrations were measured by radioimmunoassay using reagents supplied by Linco Research Inc. (St Louis, MO, USA). In this assay, detection limit is 0.15 ngaml; the intra-assay precision (%CV) is 2.2% (6 ngaml), 2.7% (25 ngaml), and 5.9% (62.8 ngaml); inter-assay precision from 10 different runs of three patients' serum samples was 4.3%, 4.0% and 6.9% at a concentration of 5.1, 21.0 and 56.2 ngaml, respectively.
Body composition, expressed as percentage fat free mass (FFM%) and fat mass (FAT%) was determined by bioelectrical impedance analysis (BIA; 101aS, Akern, Firenze, Italy), in the fasting state and after voiding.
The two vector components, resistance (r) and reactance (Xc), were recorded from single measurements: before each testing session, the external calibration of the instrument was checked with a circuit of known impedance value.
The mean coef®cient of variation was 1% for within-day and 3% for weekly intraindividual measurements in the steady-state condition and 2% for inter-operator variability. FFM% and FAT% of subjects were derived from the equations by Lukaski et al.
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Body fat distribution was measured by waist-to-hip ratio (WHR). The waist circumference was taken as the smallest standing horizontal circumference between the ribs and the iliac crest; the hip circumference was taken as the largest standing horizontal circumference of the buttocks. Regarding weight and dieting history collection, patients were interviewed to determine the number of previous diet episodes resulting in reduction of more than 5% of the body weight at the beginning of each diet episode which had occurred in adulthood. For each diet episode ful®lling the above de®nition, patients were asked to recall: (i) age at the start of each diet episode; (ii) its duration; (iii) their body weight at the beginning and at the end of each episode; (iv) amount of weight regained over the 2 y following each weight loss episode. This 2 y cut-off was arbitrarily chosen since previous studies have shown that, following voluntary weight loss, most weight is gained back within this time interval. 22, 23 Patients were also asked to self-classify their recalled body size at puberty as`not-overweight' or`overweight' in comparison to the average body size of those of the same age (Table 1) . Subjects rated their con®dence in the accuracy of their weight and dieting history and on a 1 ± 10 scale, in which 1 signi®ed not at all con®dent and 10 signi®ed very con®dent. Only those with rates equal or superior to 6 (ie 128 patients out of the 156 originally questioned) were evaluated for study purposes.
Statistical analysis
The following parameters were assessed as indicators of weight history and of weight cycling: Both variables (d) and (e) represent indices of relative weight turnover and are therefore not in¯uenced by the absolute body weight. Also, in order to assess the potential in¯uence of duration of obesity on weight cycling parameters, an a posteriori estimate of the duration of obesity was carried out according to the following criteria: for those with adult-onset obesity, the duration of obesity was estimated as the difference between the age at time of the study and the age at which BMI approximately exceeded 30 kgam 2 for the ®rst time. For those with onset of obesity before puberty, the duration of obesity was estimated as the difference between the age at time of the study and the age at onset of puberty. Since leptin concentrations were not normally distributed, data were log transformed. Correlation analysis between leptin and the other parameters was performed by using Pearson's product correlation coef®cients after excluding outliers and checking for homoscedasticity. To determine the independent effects of several continuous variables, data were also analysed in stepwise analysis model with leptin as dependent variable. Analysis of covariance (ANCOVA) was used to measure the effect of overweight at puberty as categorical variable on leptin concentrations after controlling for variation in the dependent variable coming from other continuous variables. Chi-square test was used to compare proportions between different groups.
Results
Clinical characteristics of study patients are shown in Table  1 . There was no difference between males and females in terms of age, BMI, FAT% or FFM%, number of previous diet episodes, age of onset of obesity, percentage maximal weight loss in a single diet episode, percent cumulative weight lost, percentage cumulative weight regained. Also, there was no difference between males and females in the estimated duration of obesity. Females had signi®cantly higher leptin levels than males and lower WHR. The overall proportion of Weight cycling and leptin ZL Benini et al patients de®ning themselves as being overweight at puberty was 41%; there was no signi®cant difference between males and females (45% vs 31%, w 2 2.26; NS). Correlations between leptin concentrations and clinical parameters are shown in Table 2 . Taking the whole group together, leptin concentrations were signi®cantly correlated with anthropometric parameters like weight and WHR, with percentage body fat and with some weight history parameters like maximal percentage weight loss in a single diet episode, cumulative percentage weight lost in all diet episodes, cumulative weight regained in all diet episodes, but not with number of diet episodes. All correlations related to anthropometric and body composition parameters were stronger for men, compared to women, although the male subgroup was smaller. Both in men and women, leptin concentrations were signi®cantly correlated with percentage body fat. WHR no longer correlated with leptin within each gender group. A striking difference between the two gender groups was the strong correlation between weight cycling parameters and leptin levels in women but not in men. In women, serum leptin was positively associated with maximal percentage weight loss in a single diet episode, cumulative percentage weight lost in all diet episodes, and cumulative weight regained in all diet episodes. Although there was a weak but signi®cant correlation between the approximate duration of obesity and the number of episodes of weight loss (R 0.20), as well as the cumulative sum of percentage weight lost (R 0.26), no association of this parameter with serum leptin was found.
Leptin concentrations were signi®cantly higher in patients who were overweight at puberty than in those who were not overweight at puberty (45.3 AE 23.3 vs 36.7 AE 20.7 ngaml, P`0.05). In order to assess whether overweight at puberty independently in¯uences leptin concentrations taking into account other in¯uencing factors, analysis of covariance was carried out in both gender groups. Leptin concentration was analysed as the dependent variable, and percentage body fat as covariate according to presence or absence of overweight at puberty. After correction for percentage body fat, no difference in leptin concentration was found between those with or without a history of overweight at puberty in both gender.
Multiple regression analysis was carried out for all subjects together and for each gender group for those parameters signi®cantly associated to leptin concentrations at univariate analysis (Table 3) . In all subjects, gender was the most important independent determinant of serum leptin. The other parameter which added signi®cantly to the multiple regression model with gender, was FAT%, together explaining 58% of the variance of leptin concentrations. No parameter of weight cycling was independently associated with serum leptin in the overall model.
In women, FAT% was the strongest variable independently associated with leptin concentrations; among parameters related to weight cycling, cumulative sum of weight loss in all diet episodes also gave a small but signi®cant contribution to the overall variance of leptin concentrations (Table 3 ). This was also true after controlling for number of diet episodes (data not shown). In men, when controlling for percentage body fat, no weight cycling parameter was found to contribute to the variance of leptin concentrations (Table  3) , although cumulative sum of weight loss in all diet episodes resulted close to reach statistical signi®cance (P 0.06).
Discussion
The present series includes both male and female obese subjects, the two groups being comparable in terms of age, BMI, body composition and weight cycling-related para- Weight cycling and leptin ZL Benini et al meters. Since, apart from gender, body fat is known to be a strong determinant of serum leptin, 24 such a reasonably good match between groups should allow reduction of the impact of the above sources of variability on serum leptin concentrations. Therefore, the study population should have enabled us to the assess the contribution of weight cycling to leptin concentrations.
In the group as a whole, besides the well-known relations of leptin to gender, weight and percentage body fat (which were stronger for males rather than for females), a signi®cant correlation with univariate analysis was found between serum leptin and parameters of weight cycling. However, by multiple regression analysis, parameters of weight cycling no longer showed any relation to serum leptin when gender and percentage body fat were included in the model.
When the two gender groups were analysed separately, it appeared that by correlation analysis the relation between serum leptin and parameters of weight cycling held true for females, but not for males. In females, the cumulative sum of weight loss in all diet episodes was the only weight cycling parameter which contributed, in an independent fashion, an additional 3% to the variance of serum leptin explained by percentage body fat.
The ®ndings from the present study suggest that the greater the magnitude of weight cycling the higher is the percentage body fat, at least in women. Whether weight cycling is the cause or the consequence of the increased adiposity is a speculative matter. A number of studies have suggested that frequent dieting may have long-term detrimental effects on metabolic parameters. 25 ± 30 With respect to body composition it has been proposed that weight lost during dieting consists of both fat and lean tissue but that regained weight is primarily fat. However, both cross-sectional and prospective studies have failed to con®rm that weight cycling is associated with increased percentage body fat. 31, 32 Similarly, despite anedoctal data, there is no clear evidence from the literature that weight cycling leads to increased body weight. Therefore, a more likely explanation is that it is the greater degree of obesity (and therefore of body fat) that leads to greater weight cycling, and not viceversa. The association found in women between serum leptin and relative magnitude of weight loss over previous diet episodes, independent of body fat, could have different explanations. One possibility is that fat which is gained back could tend to be preferentially accumulated in the subcutaneous depot, which secretes more leptin than the visceral depot. 33 However, there is no clear evidence that weight cycling alters body fat distribution. 30 An alternative explanation is that women prone to weight cycling are less responsive to leptin at the CNS level. Indeed, Lissner et al 17 have shown in a retrospective study that high leptin levels in middle-age women predicted subsequent long-term (24 y later) weight gain. No association between leptin concentrations and subsequent weight gain was, however, shown in three other studies with shorter (8 and 5 y, respectively) follow-up; 34 ± 36 one study, carried out in a relatively small population of obese Pima Indians, has shown that low plasma leptin concentrations were associated with subsequent weight gain at 3 y. 37 Similarly, although serum leptin levels were higher in patients with a history of overweight at puberty than in those with adult-onset of obesity, this association appears to be explained by the higher percentage body fat in the former category of patients. The biological actions of leptin include not only the regulation of appetite and energy expenditure, but also the involvement in the control of the hypothalamic ± pituitary ± gonadal axis. 38 ± 42 Cross-sectional and longitudinal studies of leptin concentration before and during puberty indicate that leptin followed changes in fat mass. 38, 41 The higher percentage body fat in patients who developed obesity before or at puberty than in those with adult-onset obesity could be simply explained by a longer duration of disease. The data from the present study do not support the hypothesis that age of onset of obesity per se can affect serum leptin independently from the magnitude of obesity and can override body weight set point.
